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This repor t  presents  the  r e s u l t s  of one of t he  three p a r t s  of Contract 
NAS8-20358, e n t i t l e d  Advanced Spaceborne Tracking, Detection, and Navigation 
Study. The object ive of t h i s  par t  of the contract  was t o  evaluate the feas i -  
b i l i t y  of estimating the  i n e r t i a l  guidance platform e r r o r s  from data  obtained 
during a powered f l i g h t  ascent.  
One method of estimating the  i n e r t i a l  platform e r ro r s  is t o  combine the 
telemetry data ,  which contains information on the  vehic le  posi t ion-veloci ty  
s ta te  p lus  deviations i n  the  t ra jec tory  caused by the platform e r ro r s ,  with 
the tracking data ,  which a l s o  contains information on the  vehicle  state, 
but includes e r ro r s  from t h e  tracking system. 
There are three po ten t i a l  uses for t he  information contained i n  t h i s  com- 
bined platform-tracking system. If it is  possible  t o  estimate the  platform 
errors during a f l i g h t ,  then t h e  guidance system could be updated. Also 
the  a b i l i t y  t o  determine platform e r r o r s  would be useful i n  a pos t f l i gh t  
ana lys i s  where the object ive is t o  determine whether t h e  guidance components 
performed according t o  spec i f ica t ion .  Althoughthe primary i n t e r e s t  i n  t h i s  
study is t o  evaluate the  a b i l i t y  to  estimate the  guidance e r r o r s ,  a th i rd  
use of t h i s  data  would be t o  obtain a b e t t e r  estimate of the  vehic le  than 
could be obtained with t racking data alone. 
The f e a s i b i l i t y  of estimating the platform e r r o r s  has been evaluated i n  
t h i s  study by simulating an  o rb i t  determination process t h a t  would combine 
the  telemetry and tracking data .  
combined system and i n  par t icu lar  t h e  behavior of the  covariance matrix of 
the  e r r o r s  i n  estimate of the  posit ion-velocity state p lus  the  p l a t f o m  
and t racking e r ro r s ,  that has been investigated.  
var iance f i l t e r  has been assumed f o r  t he  est imat ion process. 
It is t he  ensemble behavior of t h i s  
A Kalman o r  minimum 
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Platform errors as w e l l  as a n o m i n a l  t r a j ec to ry  that are similar t o  a 
Saturn V mission have been used i n  the study. 
platform model, the tracking model, and the  minimum variance estimation 
are presented i n  Section 2. 
generate the covariance matrix of errors ,and the  nominal ascent t r a j ec to ry  
along which the  covariance matrix is propagated, are included i n  Section 3 
and Section 4, respect ively.  Section 5 d~8Cu8StS the e f f e c t  of individual 
e r ro r  sources i n  the platform and t racking systems on the t ra jec tory .  
These r e s u l t s  are used t o  def ine the s ign i f i can t  e r ro r  sources which should 
be included i n  the  combined platform-tracking system model. 
The equations f o r  the 
A discu8eion of the computer program used t o  
The pr inc ipa l  r e s u l t s  of the study are presented in Section 6 .  
sec t ion  the  f e a s i b i l i t y  of estimating the  platform e r ro r s  is evaluated as 
a parametric function of the system e r ro r  sources and tracking parameters. 
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SECTION 2 
DERIVATION OF EQUATIONS 
. -  
2.1  INERTIAL PLATFORM ERROR MODEL 
The i n e r t i a l  platform model t ha t  has been used for  t h i s  study cons is t s  of 
up t o  30 e r r o r  sources and i s  similar t o  that  used by Daniels, Neighbors, 
and Cole, i n  Reference 1. The four types of accelerometer e r ro r s  and the 
four types of gyro e r rors  considered a re :  
CY the  ith accelerometer b ias ,  km/sec 2 i 
the  misalignment of the ith accelerometer i n to  the 
axis, radians "j j t h  
E the scale factor  e r ro r  of the ith accelerometer, 
par t s /par t  
i 
s the  threshold of the  i t h  accelerometer, km/sec 2 i 
the i n i t i a l  platform misalignment about the i th  
ax is ,  radians 
'oi 
0 the steady-state d r i f t  r a t e  of the i t h  gyro, 
rad/sec 
o i  
'Ii the mass unbalance d r i f t  about the input and spin 
usi I axes, (rad/secy(km/sec 2 ) 
c the  an isoe las t ic  d r i f t  of the ith gyro, 
( r ad  /sec) /( km/s ec2 
2 i 
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Figure 2-1 Platform Orientation 
The gyro input axes are along the X, Y, and z axes and the three accelero- 
meters are also assumed to  be mounted along these axes. 
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The platform er ror  model used in t h i s  study includes the  t o t a l  e r ro r  i n  
acce lera t ion  caused by (1) the  misalignment of the  platform axes r e su l t i ng  
from the gyro d r i f t s  and i n i t i a l  misalignment, and (2) the e r ro r s  i n  the 
accelerometers themselves which are mounted on the d r i f t i n g  platform axes, 
f o r  a given nominal accelerat ion time his tory.  The d r i f t  rate f o r  the i t h  
gyro is given by 
f a G i s  1 
I aGio I 
, and a are the accelerat ions along the spin,  input,  G i s '  a G i I  Gio where a 
and output axes of the ith gyro, respectively.  
which is  found by integrat ing (2-l), i s  
The t o t a l  platform d r i f t ,  
where a P I i  i s  the accelerat ion along the ith idea l  platform axis ,  TP12Gi 
t h  
is t he  transformation from the ideal  platform axes to  the i 
and q i' 
2-1, TPIZG1, the  transformation from the idea l  platform axes t o  the  X 
gyro a x e s y i s  
gyro ax i s ,  
is the f i r s t  row of Tp12Gi. For the gyro or ien ta t ion  i n  Figure 
TP12Gl = 1 0 0 , [: : :] 
where the order of the gyro axes is  
(2-3) 
2-3 
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The accelerometer errors are found from the sensed acceleration along the 
accelerometer axes, a ', which is si 
"x + sx 
a ' =  CY + S  
si I Y Y  
I"z + sz 
+ I I E +I: % ezY E Y PXZ BYz E z 
The total error in acceleration is given by the sum of the accelerometer 
errors plus the error in acceleration caused by the platform misalignment. 
The total sensed acceleration can be written as the sum of the acceleration 
in ( 2 - 4 )  plus the cross product of the platform orientation angles, 




a =[e @x + s  sx 
si Y Y  
@z + sz 
+ [I + E] $1 + Q; %I3 ( 2 - 5 )  
& t z I 
where @denotes the cross product, and E is the matrix of scale factor 
and misalignment errors in ( 2 - 4 ) .  
2 . 2  DYNAMIC EQUATION OF THE VEHICLE 
The dynamic equations of the vehicle include the effects of gravity as well 
as the thrusting accelerations and the acceleration errors. 
can be expressed in an inertial frame as 
These equations 
2-4  






















where G(R,t) is the  grav i ta t iona l  acce lera t ion  and TA2r is the transformation 
from accelerometer axes t o  the i n e r t i a l  axes, and $I(t) has been defined 
as  the t rue  value of the non-gravitational accelerat ion.  Since apI ( t )  can 
be expressed as the difference between the  sensed acce lera t ion  and the  
acce lera t ion  e r r o r s ,  equation (2-6) can be wr i t ten  as 
r 1 .. 
(2-7) 
where f i  ( e , t )  i s  a function of the platform e r ro r s  and from (2-5) is given 
a 
by 
Representing (2-7) as 
.. 
R G(R,t) + f ( e , t ) ,  
( 2 - 8 )  
(2-9) 
and considering perturbations only about the  nominal values of R and a, 
r e s u l t s  i n  the l i nea r  equations of motion that a r e  used f o r  the  e r ro r  
ana lys i s .  These equations a r e  
.. 
A R = F M + B A a ,  (2-10) 
where 
= -1 3R R Nominal 
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For the  purpose of e r ror  propagation, the t o t a l  state vector (z), i n  
general ,  may consis t  of the 6 vector of pos i t ion  (R) and ve loc i ty  (V) 
p lus  any number of the sensor error  and tracking b ias  e r r o r  sources (e), i.e., 
.-[;I -[:I (2-11) 
The state t r a n s i t i o n  matrix f o r  t h i s  expanded s t a t e  vector is  given by 




U 8 0  
0 1  
The expression hx is  found by solving the following equation for 
b0 
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(2-13) 




The s e n s i t i v i t i e s  of the posi t ion and veloci ty  state t o  the ith platform 




The velocity partial - in (2-12) is found by differentiating the solution 
for - in (2-14). 
tivities (-) are given in Reference 2. 
3 ei 
Detailed descriptions of the error source sensi- i4ei 
>ei 
2.3 TRACKING EQUATIONS 
The tracking model is obtained by assuming that the radar observations 
are of the form 
Y = f(X, w, T) + P 
where X = 6 state of position and velocity (2-15) 
W = tracking bias errors 
Linearization of this equation about a nominal trajectory results in the 
following equations for the measurement y: 
hf x + TwW af + q(t) Y = =  (2-16) 
The tracking model consists of the partials of the observation with respect 
to the state (H) and the partial of the observation with respect to the 
measurement bias parameters (G), and the random measurement error vector 
q(t). For each observation the model is given by 
Y = Hx + Gw + q(t), (2-17) 
where H and G are row vectors. 
The tracking that can be simulated includes range, range-rateJ azimuth, 
elevation, right ascension, declination, and direction cosines, and their 
rates. 
in addition to the station-location errors for the station and a station 
clock error. 
Each of these measurements may contain a random and a bias error, 
2-7 
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2.4 MINIMUM VARIANCE ESTIMATION EQUATIONS 
Since the equations for the minimum-variance estimator are an essential 
part of the error analysis of the inertial platform and tracking systems, 
these equations are summarized here. 
inertial platform-tracking system that is to be studied and therefore the 
variance-covariance matrix of the error in estimate of the state (P) is 
processed by the filter. 
evaluate the measurement, platform, and state sensitivities, H, flu, and $, 
respectively. Residuals are not determined in this analysis. The following 
equations summarize the minimum variance or Kalman estimation process. 
It is the ensemble type behavior of the 
The nominal trajectory is used throughout to 
or 





























x new estimate of the state after an observation n 
4 
x(t) = estimate of the state at time t before an 
observation 
LI = the gradient of the observation with respect 
to the state 
y = measurement 
K = filter gain 
Q = E[qqT] - the covariance matrix of the random 
measurement error q 
cv A 
x = x-x - the error in estimate of the state 
= E[;] - variance-covariance matrix of the error 'n 
in estimate of the state 
Since the measurements are assumed to be processed sequentially, H = h 
is a 1 x m vector and Q = q is a scalar. 
estimated x is a 6 x 1 vector of the position-velocity state. 
Also, if no bias errors are 
However, 
if dynamic bias errors and measuremtent bias errors are estimated, then 
the total state vector xe is given by 
I' p G q g  
PWILCO~FORO COIPORATION 
Y e =  [I] Y 
2-9 
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where 
u = d x 1 vector of dynamic b i a s  e r r o r s  
w = m x 1 vector of measurement b i a s  e r r o r s  
For t h i s  study u may include the i n e r t i a l  platform bias  e r ro r  sources and w 
may include (1) range, range-rate,  azimuth, e levat ion,  or  d i r ec t ion  cosine, 
e t c . ,  measurement bias  e r ro r s ,  (2) s t a t i o n  locat ion e r ro r s  i n  l a t i t u d e ,  
longitude, and elevat ion,  and (3) the clock or measurement timing er ror .  
The t r a n s i t i o n  matrix for the expanded state vector xe is then given by 
@ =  
e 
6x6 6xd 6 m  
8 0 0  
dxd 
0 1 0  
U 
( 2 - 2 4 )  
The covariance matrix of the e r ro r  i n  estimate of the expanded s t a t e  (P,) 
w i l l  have the dimensions of Qe and is again propagated i n  t i m e  according 
t o  Section 2 . 4  with the  Qe of ( 2 - 2 4 ) ,  and updated a t  an observation accord- 
ing t o  ( 2 - 2 0 )  with an expanded H vector t ha t  is  given by 
( 2 - 2 5 )  
and an expanded covariance matrix given by 
2- LO 




. 6x6 1 
P 
W 




D = E[ uuT] - the covariance matrix of the dynamic bias 
errors (including the inertial guidance 
errors) 
W = E[: wwT1 - the covariance matrix of the measurement bias 
errors and station location errors. 
A more detailed description of these equations is given in Reference 3. 
2.4.1 Equations for Determining the Effect of Neglecting Error Sources 
The standard equations for the Kalman filter, which have been summarized 
in the previous section, are applicable when a l l  the elements in the etate 
vector are to be estimated. 
has been developed which enable8 one to determine the effect of neglecting 
error sources. 
A variation on this basic estimation process 
The problem of determining which error sources are significant arises 
because of the large number of errors that may exist in the combined inertial 
platform-tracking system. Since it is unlikely that in an actual orbit 
determination, all the known error sources would be estimated, it become8 
necessary to determine in advance, which sources contribute significantly 
2-11 
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6 x 6  
, 
‘de * D  
* 
‘me 
t o  the e r ro r  i n  estimate of the s t a t e ,  and therefore  should be modeled. 
Determining which e r r o r  sources are s ign i f i can t  can be accomplished by 
simulating the mission with the  e r ror  sources of questionable importance 
neglected from the model, and determining the e f f e c t  of neglecting these 





The general form of the t o t a l  s t a t e  covariance matrix (P,,), when some 
parameters a r e  estimated and other parameters a r e  neglected, is shown i n  
(2-27). 
ance matrices a r e  P, D and W, have been given i n  the previous sect ion.  The 
variances of the  neglected dyliamic parameters Do and the neglected measure- 
ment parameters W are constant ,  and therefore  not updated i n  time o r  a f t e r  
one observation. However, the cor re la t ions  between the neglected parameters 
and the estimated s t a t e ,  Cdn and Cmn, a r e  updated, and it is  through these 
co r re l a t ions  t h a t  the e f f e c t  of neglecting parameters is determined. 
The equations for  updating the  estimated parameters whose covari-  
0’ 






















The cor re la t ion  between the s t a t e  and the measurement b iases  (C,) 
and the  cor re la t ion  between the  s t a t e  and the  dynamic b iases  (C dn ) a re  
computed as follows: 
2- 12 
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where (-) and (+) denote time before and a f t e r  an observation, respect ively.  
The t o t a l  covariance matrix P which gives the uncertainty of having 
neglected measurement and dynamic b ias  e r ro r s ,  i n  addi t ion t o  the uncer- 




'T - 'e + 'dnDo mn o (2-32) 
where Pe is  the m x n matrix i n  (2-26) which includes P, D and W. 
t h e  l a s t  two terms i n  (2-32) can be wr i t t en  with Cdn and Cmn a8 cohmn vectors  
'mn 9 and D and W as scalars, o r  with Cdn, 
(2-32) may be used t o  obtain the  e f f e c t  of neglecting individual  e r r o r  
sources o r  groups of e r ro r  sources. 
Since 
D, and W as matrices, equation 
2.4.2 The Concept of an Equivalent Observation 
One of the implications of t h i s  study is t h a t  a parametric ana lys i s  of the  
e r r o r  sources be made i n  order t o  determine the e f f ec t  of d i f f e r e n t  numerical 
values of the  e r r o r  sources. 
t h a t  t he  i n i t i a l  standard deviations of each e r ro r  parameter be changed 
through a wide range of values,  and the  e f f e c t  of these changes on the  
uncertainty i n  the  other e r r o r  sources as w e l l  as t h e  state, noted a t  the  
t ra jec tory .  
A parametric study of these e r ro r  sources requi res  








standard deviat ions of any of the estimated b i a s  parameters, t o  be changed 
i n  one simulation of the  mission, i .e.,  one computer run. 
A spec ia l  case of what has been defined as an equivalent observation, is 
where there  is no random measurement e r ro r .  In  t h i s  case a per fec t  
observation of the  posit ion-velocity state o r  of o ther  parameters can be 
made. The per fec t  observation i s  useful  fo r  determining the  e f f e c t  of 
an uncertainty i n  one parameter on the  uncertainty i n  another parameter, o r  
the  uncertainty i n  the pos i t ion  or ve loc i ty  state. 
2 .4 .2 .1  Equations For an Equivalent Observation. I n  a conventional e r r o r  
ana lys i s ,  where fo r  example one element of P may be the  var iance of an 
i n e r t i a l  guidance e r ro r  and a number of observations are made of the  vehicle  
(range, range-rate, etc.), the e f f ec t  of changing the  i n i t i a l  variance 
on the f i n a l  uncertainty of t he  vehicle state, would be determined 
by simulating the mission with a new value of t h i s  pa r t i cu la r  variance. 
This would correspond t o  changing the i n i t i a l  variance of the parameter 
(Po) by a f ac to r  of k, i .e. ,  
PA = kPo (2-33) 
However, t h i s  same value of the  i n i t i a l  variance (PA ) cad be found 
by taking a d i r e c t  observation of the parameter whose variance is t o  be 
changed (h = l), with a measurement e r ro r  variance (q) t h a t  is  specif ied 
such tha t  the state variance a f t e r  the  observation is PA . 
scalar case the equation fo r  an observation is  
For the 
pOq 
h P o + q  
2 
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Since the  value of P a f t e r  the observation (PA) i s  given by ( 2 - 3 3 ) ,  
equating (2 -33 )  t o  ( 2 - 3 4 )  and solving fo r  q gives the  r e s u l t  
( 2 - 3 5 )  q = P o -  k 1-k 
The second p a r t  of t h i s  der ivat ion is  t o  show tha t  the order of the obser- 
vat ions does not matter, i.e. t he  d i r e c t  observation can be made a t  t h e  
end of the run as w e l l  as a t  the beginning. The f a c t  t h a t  t h e  order of 
the observations can be interchanged without changing the f i n a l  state 
uncertainty can eas i ly  be seen from the least squares form of P. 
The iden t i ty  between the  Kalman and least squares form of the  observation 
equation is  
c HPoHT + Q 1 HPo T P = P o  - P o H  
(2-36) 
After  a number of observations it can be seen t h a t  the state uncertainty P 
i s  given by 
3 T -1 Hn Qn Hn (2-37) 
Clearly the order i n  which the terms i n  (2-37) are added, does not a f f e c t  
the r e s u l t .  Therefore it is  possible t o  change the i n i t i a l  variance 
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The use of an equivalent observation t o  change the i n i t i a l  variance can 
be summarized with the a i d  of Figure 2- 2. 
TIME 
Figure 2-2 Effect  of an Equivalent Observation 
t 
Space & Re-entry 
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The standard method of studying a parameter P is t o  f i r s t  make a run where 
i j  
the  i n i t i a l  value is P (0) and the f i n a l  value i s  P .(f) . A second run 
i j  1 3  
is then made where the i n i t i a l  uncertainty is  changed by a f ac to r  of k P A 1 ( 0 )  
A J  
t o  P' ( 0 ) .  The uncertainty a t  the end of the run i s  P '  ( f ) .  With 
the equivalent observation concept, the f i n a l  value Pij(f), as w e l l  8s 
ij ij 
e f f e c t  on other elements of the  state, is obtained by the equation 
2- 16 
P' ( f )  = P(f) - P(f) HT [H P(f)HT 4- P il (0)*] -' RP(f) (2-38) 
where 
and the  locat ion of t he  1 i n  (2-39) correeponds t o  the  parameter that is  
being observed. 
In t h i s  manner any number of changes can be made i n  one o r  more of the 
i n i t i a l  variances by adding equivalent observations a t  the  end of a run. 
Thus the  r e s u l t s  of a number of computer runs can be obtained i n  one run. 
1 2 .4 .2 .2  equivalent observation concept i s  where a per fec t  observation i e  made of a parameter. An observation of t h i s  type has the  H of the element i n  H which is 1 corresponds t o  the  element of the  state which 
is being observed, but there  is no measurement e r ro r  variance Q. 
per fec t  observation of a measurement b ias  e r r o r  on the  covariance matrix 
P is given by 
The Equations For a Perfect Observation. A epec ia l  case of t he  
(2-39), where 
The e f f e c t  of a 
I 
p' = P - cm w - l  C T  (2-40) 
where Cm is the column vector of cor re la t ions  between the state and the 
measurement b ias  which is being observed. The e f f e c t  on P of a per fec t  
observation of a dynamic b ias  e r ro r  is given by 
-1 T 
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A per fec t  observation of a parameter may be useful fo r  determing some 
of the in te r re la t ionships  between the parameter uncertaint ies .  
by comparing the uncertainty i n  a platform e r r o r  source a t  the end of a 
run with the same uncertainty a f t e r  a per fec t  observation of a measurement 
b i a s  e r ro r ,  the e f f e c t  of the uncertainty i n  the measurement b ias  e r r o r  on 
the uncertainty i n  the platform e r ro r  source can be'determined. 








POWERED FLIGHT ERROR PROPAGATION PROGRAM 
The computer program t h a t  has  been used t o  obtain the numerical r e s u l t s  
for  t h i s  study is the  Powered Fl ight  Error Propagation Program. The 
o r ig ina l  version of t h i s  program was wri t t en  by Philco-Ford f o r  NASA 
Goddard under Contract NAS-5-9700, and is described i n  Reference 2. 
The program simulates an ac tua l  o rb i t  determination tha t  would combine the  
t racking da ta  from the ETR radars  with the  telemetry data  from the  vehicle ,  
and would be used t o  estimate the posi t ion and ve loc i ty  of the vehic le  plus  
any addi t iona l  parameters such as the i n e r t i a l  platform e r r o r s  o r  t he  
t racking bias er rors .  
ensemble behavior of t he  combined i n e r t i a l  platform-tracking system under 
a wide va r i e ty  of conditions. 
As a r e s u l t ,  i t  is a useful  t oo l  for  studying the 
The e s s e n t i a l  output from the  program is  a variance-covariance matrix of 
e r r o r s  i n  estimate of the  pos i t ion  and ve loc i ty  state, and the  estimated 
e r r o r  parameters. 
powered f l i g h t  t ra jec tory .  A general f l a w  diagram of the  program functions 
are shown i n  Figure 3-1. 
The covariance matrix is  propagated along a nominal 
The program reads an  input tape of the nominal t ra jec tory  pos i t ion  X(t) and 
acce lera t ion  A ( t )  t h a t  is generated by the Philco Ford Powered F l igh t  Optimi- 
za t ion  Program. (Ref. 2) The gravity p a r t i a l s  (P) are evaluated fo r  t he  
nominal values of X ( t )  and the  platform e r ro r  p a r t i a l s  a r e  evaluated fo r  
t he  nominal values of accelerat ion A ( t ) .  
t i a l  equations f o r  the deviations about the nominal t ra jec tory .  
equations are integrated f o r  short  time in t e rva l s  i n  order t o  obtain the 
t r a n s i t i o n  matrices d and @". 
t r a j ec to ry  r e su l t i ng  from the guidance e r rors .  
These p a r t i a l s  define the d i f fe ren-  
These 
The matrix Su defines  the  per tubat ion of the 
3- 1 
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The transition matrices are used to update the covariance matrix (P) in 
time. There is no modification made to the trajectory in the sense that 
the actual perturbed trajectory is calculated. 
The essential part of the estimation process which simulates an orbit 
determination is the updating of the covariance matrix P. 
in Figure 3-1 P is propagated between two points in t i m  baaed in the 
previous value of P and the total transition matrix @. 
in time accounts for the fact that the guidance errors will in general 
increase the state uncertainty P as the time along the trajectory increases. 
As shown 
This propagation 
The data from the trackers is incorporated into the estimation by updating 
the state uncertainty at each observation. 
at a time, that is the partial of the observation with respect to the state 
(HI is a vector and the random tracking error q is a scalar. 
Observations are processed one 
The program has a capability of handling a 60 x 60 covarinace matrix. 
elements include the uncertainty in the three coordinates of position and 
the three coordinates of velocity, which are initially zero, plus the un- 
certainly in any inertial guidance error, or tracking bias error. Up to 
30 guidance errors may be included in the guidance model. 
ance errors that may be included in the program are sunnnarized below. 
The numbers associated with them are used in the program for "bookkeeping" 
purposes. 
It's 
The 30 guid- 
ERROR SOURCE 
Accelerometer scale factor -x, y, z axes 
Accelerometer misalignment y to x, y to z axes 
Accelerometer misalignment z to x, z to y axes 
Accelerometer misalignment x to y, x to z axes 
Accelerometer bias x, y, z axes 
Accelerometer thresholds x, y, z axes 
Initial platform misalignment x, y, z axes 
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ERROR SOURCE PROGRAM NUMBER 
Input ax i s  mars unbalance d r i f t  Roll ,  Yaw, P i tch  Gyros 22,23,24 
Spin ax i s  mass unbalance d r i f t  Rol l ,  Yaw, P i t ch  Gyros 25,26,27 
Anisoelast ic  d r i f t  of Roll, Yaw, P i tch  Gyros 28,29,30 
These numbers w i l l  appear i n  the covariance matrix output shown i n  
Appendix A.  
azimuth, e levat ion,  l a t i t ude ,  longitude, and a l t i t u d e  can be included i n  
the covariance mtr ix.  
I n  addi t ion,  tracking b ias  e r r o r s  such as range, range-rate,  
The program 
There a re  two basic  options f o r  t r ea t ing  b ias  e r ro r  sources. The standard 
option is where a l l  the  b ias  e r r o r s  are estimated. 
variance i s  assigned t o  a b ias  e r ro r  source such as a platform e r r o r  o r  
tracking b i a s  e r ro r ,  and the estimation process attempts t o  reduce th i s  
i n i t i a l  uncertainty i n  the bias e r ro r .  
covariance matrix P and the applicable equations fo r  updating P are those 
discussed i n  Section 2 . 4 .  
has a number of options which have been developed fo r  t h i s  study. 
In  t h i s  option an i n i t i a l  
The b ias  e r r o r  is pa r t  of the t o t a l  
The second option tha t  can be used fo r  b i a s  e r ro r s  is  the  neglect option. 
For t h i s  option the variance of the e r ror  source remains constant through- 
out  the run; however, the cor re la t ions  between the neglected parameters and 
the  estimated parameters are updated according t o  (2-28)  through ( 2 - 3 1 ) .  The 
e f f e c t  on the  t o t a l  state uncertainty ( the  posit ion-velocity s ta te  p lus  any 
estimated e r r o r  sources) of neglecting the  e r ro r  sources i s  calculated a t  
each output time according to (2 -32 ) .  
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TWO addi t iona l  options e x i s t  i n  the  Powered F l igh t  Error Progagation 
Program t h a t  enable equivalent observations t o  be made. 
has been described i n  Section 2.4.2 and provides a way of studying bias error8 
parametrically i n  one computer run. 
matrix of varying the i n i t i a l  value of one o r  more b ia s  error sources 
through a wide range of values i s  obtained by adding equivalent observations 
a t  the end of a run. 
The f i r s t  option 
The e f f e c t  on the  f inal  covariance 
The second equivalent observation, a d i r ec t  observation of a spec i f i c  
parameter (h = 1) with zero e r ro r  variance (q),  can be used t o  determine 
the uncertainty in  the posi t ion,  veloci ty ,  o r  other e r r o r  p a r m e t e r ,  t h a t  
r e s u l t s  from another e r ro r  source. The use of t h i s  option provides a means 
of separat ing the t o t a l  uncertainty i n  one e r r o r  source according the  con- 
t r i b u t i o n  from other  e r ro r  sources. 
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SECTION 4 
THE ASCEWT TRAJECTORY 
The ascent t r a j ec to ry  which has been used as the nominal t r a j ec to ry  for 
t h i s  study is similar t o  a Saturn V t ra jec tory .  
generated by the  Philco-Ford Powered F l igh t  Optimization Program. 
output of the  program is a t ra jec tory  tape which contains the vehicle  
pos i t ion  and accelerat ion at d i sc re t e  t i m e  points .  
of the nominal t r a j ec to ry  is shown i n  Figure 4-1. 
t h i s  t r a j ec to ry  ( l a t i t ude  vs. longitude) i s  shown i n  Figure 4-2. 
locations of the tracking s t a t i o n s  are also shown i n  t h i s  f igure.  
This t r a j ec to ry  was 
The 
An a l t i t u d e  p r o f i l e  
The ground t rack  fo r  
The 
Variations of t h i s  basic t r a j ec to ry  have a l s o  been used. 
w a s  determined the  r e s u l t s  presented i n  the succeeding sect ions are not 
s ens i t i ve  t o  small var ia t ions  i n  the t ra jec tory .  
t r a j ec to ry  whose f i n a l  a l t i t u d e  w a s  about twice the value i n  Figure 4-1 
caused no s igni f icant  changes in the  a b f l i t y  t o  estimate the guidance 
e r rors .  
i n  Figure 4-3. 
However, it 
In par t icu lar ,  one 
Acceleration leve ls  i n  the DR, CR, UP coordinate system are shown 
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TIME FROM LAUNCH ( M I N U T E S )  
Figure 4-1 Trajectory Altitude vs Time 
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Figure 4-3 Acceleration Levels for Nominal Trajectory 
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SECTION 5 
SELECTION OF COMBINED PIATFORM-TRACKING 
Pr ior  t o  determining the f e a s i b i l i t y  of estimating the  i n e r t i a l  platform 
e r ro r s ,  an  analysis  w a s  made t o  evaluate the e f f e c t  of individual e r rors ,  
both from the tracking and the inertial platform. 
the effect  of the i n e r t i a l  platform errors on the  t r a j ec to ry  dispersions,  
(2) t he  e f f e c t  of varying the numerical values of the platform errors, and 
(3) the e f f ec t  of the tracking b i a s  e r rors .  
This ana lys is  shows (1) 
5 . 1  DISPERSIONS FROM THE PLATFORM ERRORS WITHOVT TRACKING 
The dispersion8 r e su l t i ng  fram the i n e r t i a l  platform e r r o r s  have been deter-  
mined by propagating an i n i t i a l  covariance matrix (Po), consis t ing of the 
30 platform e r ro r s ,  along the nominal t r a j ec to ry  according t o  (2-19). 
RMSP and the RW3V of these e r r o r s  are  shown i n  Figures 5-1 and 5-2 where 
the  RMSP and RHSV are defined a s  
The 
W P  = 3 Pll + P22 + P33 
m v  = JP44 + PS5 + PG6 
The t o t a l  uncertainty i n  posi t ion and ve loc i ty  a t  the end of t he  t r a j ec to ry  
is  seen t o  be 0 . 5  km and 2 m/sec, respectively.  Abreakdown of these e r ro r s  
in the  loca l  tangent plane (DR, CR, UP) is shown i n  Figures 5-3 through 5-8.  
Although the three  components of er rors  do not d i f f e r  s ign i f i can t ly ,  the 
la rges t  e r r o r  i n  both pos i t ion  and veloci ty  is an a l t i t u d e ,  and the smallest 
is i n  the  down range d i rec t ion .  
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Figure 5-1 RMS Uncertainty i n  Position 
Error Sources (No Tracking) State From the 30 Platform 
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TIME - M I N U T E S  
Pigme 5-2 RMS Uncertainty in  Velocity State from the 30 Platform Error Sources 
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TIME (MINUTES) 
Figure 5-3 30  Standard Deviation of Brror in  Eitimate of the State 
in Cross Range Direction 
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Figure 5-4 30 Standard Deviation of Error i n  Ertinntc of the State 
i n  the Up Direction 
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Figure 5-5 3U Standard Deviation of Error i n  Estimate of the State 
in  the Down-Range Direction 
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Figure 5-6 30  Standard Deviation of Error In Estimate of the 
Velocity State in the Up Direction 
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Figure 5-7 30 Standard Deviation of Error i n  Estimate of the 
Velocity State in the Down-Range Direction 
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Figure 5-8 30  Standard Deviation of Error i n  Estimate of the Velocity 
State  i n  Cross Range Direction 
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I n  order t o  determine the relative e f f ec t  of ind iv idua l  e r r o r  sources on 
the  t o t a l  pos i t ion  and ve loc i ty  dispersions,  t he  e f f e c t  of neglecting each 
of the  30 e r r o r  sources has  been evaluated. The e f f e c t  of each e r ro r  source 
on the  pos i t i on  uncertainty is given by 
a 
m p p  = J c ci f c; , 
i=1 
where each C is the  co r re l a t ion  between one iner t ia l  e r r o r  source and one 01: the  
three  coordinates of posi t ion.  
from the  platform e r r o r  sources, the square roo t  of the sum of the  lUvlSpp'S 
squared from a l l  the  e r r o r  sources is equal to  t he  0.5 km i n  Figure 5-1. 
The r e l a t i v e  importance of the  individual e r r o r  sources is shown i n  
Table 5-1. 
platform misalignments. 
se lec ted  for  the  f i n a l  e r ro r  model of t he  i n e r t i a l  platform. 
e r ro r  sources i n  t h i s  t ab le  c l ea r ly  have a negl ig ib le  e f f e c t  on the  t r a j ec -  
tory,  and therefore  were omitted from the f i n a l  model. 
i 
Since the  t o t a l  pos i t ion  uncertainty is only 
The most s ign i f i can t  error sources are seen t o  be the  i n i t i a l  
The f i r s t  20 e r r o r  sources l i s t e d  i n  Table 5-1 were 
The last 10 
If the  same platform e r r o r  sources are  propagated by considering each source 
as an element of the  s t a t e  vector,  i . e . ,  by (2.19), then the  e f f ec t  of 
parametric changes i n  the  platform er ror  sources can be obtained. This i s  
done by making an equivalent observation of the p a r t i c u l a r  e r ro r  source of 
interest, for  each parametric change. 
var iance for  each source, through a range of 10 t o  10 around the  nominal 
value,  has been obtained. 
i n i t i a l  variances of the  f i v e  most s ign i f i can t  e r r o r  sources, a r e  shown i n  
Figures 5-9 through 5-13. 
change i n  any one source t o  improve the RMSP a t  in j ec t ion ,  however, a 
s l i g h t  increase i n  one of the sensor variances w i l l  cause a s ign i f i can t  
change i n  the REisP. 
The e f f e c t  of changing the  i n i t i a l  
-2 2 
Changes i n  the  f i n a l  RMSP for  changes i n  the 
As might be expected, i t  takes a s ign i f i can t  
5-  10 
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3 Y  
Initial platform misalignment about Y-axis 
Initial platform misalignment about z-axis 
Y Accelerometer misalignment into X-axis 
2 Accelerometer misaligrunent into X-axis 
Initial platform misalignment about X-axis 
Steady-state drift of Z gyro 
X Accelerometer misalignment into Y-axis 
Z Accelerometer misalignment into Y-axis 
Steady-state drift of Y gyro 
Y Accelerometer bias 
X Accelerometer bias 
2 Accelerometer bias 
X Accelerometer scale factor 
Y Accelerometer scale factor 
Steady-state drift of X gyro 
Spin axis m s s  unbalance of Z gyro 
Anisoelastic drift of Z gyro 
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Input axis mass unbalance of X gyro 
2 Accelerometer threshold 
X Accelerometer threshold 
Y Accelerometer misalignment into Z axis 
X Accelerometer misalignment into Z axis 
Z Accelerometer scale factor 
Spin axis mass unbalance of X gyro 
Spin axis -8s unbalance of Y gyro 
Input axis mass unbalance of Z 8yro 
Antsoelastic drift of y gyro 
Anisoelastic drift of x -0 



















OD (D 9 




Figure 5-9 Variation8 in  Final RHSP for Changes i n  I n i t i a l  Standard 
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FigUte 5-10 Variations i n  PiMl RUSP for Changes i n  I n i t i a l  Standard 
Deviation of  In i t ia l  Platform Misalignment About Z Axis 
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Figure 5-11 Variations in Final RMSP for Changes in Initial Standard Deviation of 








Figure 5-12 Variations in  Final RMSP for Changes i n  I n i t i a l  Standard Deviation 












Figure 5-13 Variations in Final RllsP for Changer i n  Initial Standard Deviation 
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5.2  THE TRACKING MODEL 
The tracking model that was used f o r  th i s  study consis ted of s ign i f i can t  
e r r o r  sources from the  C-band radars .  
Ascension Is land could not observe the veh ic l e  u n t i l  near the  very end of 
the  t r a j ec to ry ,  and therefore  the two radars  a t  t h i s  s i te  were not considered. 
The e r r o r  sources a t  each radar  consis ted of random and b i a s  errors i n  
range, azimuth and elevat ion.  S ta t ion  loca t ion  e r r o r s  ( l a t i t ude ,  longitude, 
and a l t i t u d e )  were also considered. 
Up t o  nine t rackers  w e r e  Considered. 
The numerical values of the tracking errors as w e l l  as the loca t ion  of the 
C-band radars  are l i s t e d  i n  Table 5-2. These values were obtained from 
Reference 5 ,  with t he  exception of the  station location errors and the  
accuracy of the NASA t racker  a t  Bermuda. 
Since the  t o t a l  number of b i a s  e r ro r s  from t h e  nine t rackers  could be as 
many as 54, a study was f i r s t  made t o  determine the  importance of these 
e r r o r s  i n  order to  eliminate any e r ro r s  t h a t  do not s ign i f i can t ly  a f f e c t  
the  system. 
measurement biases  neglected, and second, with the s t a t i o n  locat ion errors 
neglected from the  model. 
t racking system w a s  simulated w i t h  20 guidance e r r o r s  included i n  t h e  model. 
The e f f e c t  of neglecting the s t a t ion  locat ion and measurement b ias  is shown 
i n  Table 5-3. 
T h i s  was accomplished by making two runs; f i r s t ,  with the  
In  both cases the  combined i n e r t i a l  platform- 
The values shown represent the  e f f ec t  of neglect ing the  individual t racking 
e r r o r s  on both the posi t ion uncertainty and the  ve loc i ty  uncertainty.  
Since the t o t a l  s i z e  of the covariance matrix (P) could be up t o  60 x 60, 
and t h i s  number must include the 20 guidance errors and the s ix  coordinates 
of pos i t ion  and ve loc i ty ,  up t o  34 tracking biases could be included i n  the  
model. 
a r e  indicated i n  Table 5-3. 
The t racking b ias  e r ro r s  tha t  were omitted from the f i n a l  model 
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TABLE 5-3 (Cont) 
VELOCITY 
POSITION UNCERTAINTY UNCERTAINTY 
STATION ERROR , (WPP)  (am) (WW) (km/sec) 
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b 531 x 
.250 x 10:; 
-250 x 10 
.203 
.195 x 






055.5 x 10 
-125 x 10 














-6 * -946 x 10 
* Denotes those e r ro r  sources eliminated 
The t racking model therefore  consis ts  of th i r ty- four  t racking s t a t i o n  
error sources. 
5- 21 
Space & Re-entry 
Systems Division 
TR- DA 1 56 9 
Although the  se lec t ion  of t he  tracking model has been made on the  basis 
of the  pos i t ion  and ve loc i ty  uncertainties, the  e f f e c t  of neglecting 
tracking biases  on the guidance e r rors  has a l s o  been evaluated. 
shows these r e s u l t s .  The i n i t i a l  values of the guidance error uncer ta in t ies  
and the f i n a l  values for the  nominal model are shown. Also the  f i n a l  values 
of the guidance e r ro r  standard deviations are shown f o r  the  cases where 
(1) a l l  the measurement biases  are neglected and (2) a l l  the s t a t i o n  loca- 
t i o n  e r r o r s  are neglected. Clearly both of these classes of e r ro r  sources 
a r e  too important t o  be neglected from the model, if the  guidance e r r o r s  
are t o  be estimated. 
Table 5-4 
The tracking radars t ha t  have been used fo r  t h i s  study a r e  i n  general 
the same ones tha t  have been used f o r  preliminary Saturn test f l i g h t s  



























EFFECT OF NEGLECTING TRACKING BIASES ON THE ESTIMATION 
OF PLATFORM ERRORS 
FINAL 30 VALUES 
INITIAL 






































These numbers refer to program number assigned to each error source 
i n  Table 5 .1  
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THE ESTIMATION OF INERTIAL PLATFORM ERRORS 
The pr inc ipa l  r e s u l t s  of the  study a re  presented i n  t h i s  sect ion.  
r e s u l t s  show the f e a s i b i l i t y  of estimating the i n e r t i a l  platform e r r o r s  
during a powered f l i g h t  ascent by combining the  telemetry and tracking 
data.  
These 
The general  method that has been used is  t o  examine the  behavior of a 
covariance matrix of e r ro r  dispersions along the  nominal t ra jec tory .  
In  p a r t i c u l a r ,  the  amount by which the standard deviat ions of t he  guidance 
e r r o r s  reduced, w a s  used a s  a c r i te r ion .  Although no absolute f igure  of 
m e r i t  has been defined for  the amount by which these standard deviat ions 
decrease,  i t  has been assumed t h a t  a decrease i n  the  3 0  value of an e r ro r  
source by an order of magnitude, would be s igni f icant ;  conversely, if the  
standard deviat ion of a pa r t i cu la r  e r ror  was reduced by a small percentage, 
it has been assumed t h a t  t h i s  error source could not be estimated very 
w e l l  i n  an ac tua l  f i t t i n g  process using real telemetry and t racking data.  
In  addi t ion  t o  the  r e s u l t s  for  the nominal platform-tracking model, the 
r e s u l t s  of a number of parametric var ia t ions  of the  e r ro r  sources are 
presented. The object ive for  studying the  e r r o r  sources parametrically 
w a s  twofold. F i r s t ,  it was desired t o  determine whether the a b i l i t y  t o  
estimate each of t he  e r ro r  sources depended on the  r e l a t i v e  accuracies 
of t he  guidance e r ro r  compared to the t racking accuracies,  o r  whether there  
are c e r t a i n  error sources that cannot be estimated regardless  of the  r e l a t i v e  
accuracies .  The second reason f o r  presenting parametric data  was simply 
t o  showhow the  r e s u l t s  changed for changes i n  s ign i f i can t  parameters of 
t h e  model. 
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6.1 ESTIMATION OF PLATFORM ERRORS W I T H  NOMINAL TRACKING 
A simulation of t he  combined platform-tracking system has been made with 
an e r ro r  model t h a t  includes (1) t h e  f i r s t  20 guidance e r r o r s  i n  Table 5-1. 
(2) the  f i r s t  34 tracking has e r r o r s  i n  Table5-3, and (3) the  unce r t a in t i e s  
i n  t he  s i x  components of pos i t ion  and velocity.  
object ive was t o  evaluate  the  behavior of the  standard deviat ions of t he  
guidance e r ro r s ,  t he  uncertainty in the vehic le  pos i t ion  (RMSP) and ve loc i ty  
(RMSV) have a l s o  been included in the re su l t s .  
Although the primary 
--_-- - 
The uncer ta in t ies  i n  the vehicle  posit ion and ve loc i ty  are about 30 meters 
and 0.2 meters/sec as shown i n  Figures 6-1 and 6-2.* A breakdown of these 
uncer ta in t ies  i n t o  the DRY CRY and UP d i rec t ions  is a l s o  shown i n  the  
f igures .  
considerably from the  case where there  was no t racking (Section 5.1), the  
l a rges t  uncertainty is s t i l l  i n  the  Up d i rec t ion  and the  smallest i s  i n  the 
DR d i rec t ion .  
Although the magnitude of the dispers ions has been reduced 
I 
A s  a point  of i n t e r e s t ,  t he  a b i l i t y  t o  estimate the  vehicle  pos i t i on  and 
ve loc i ty  with t h e  combined platform-tracking model was compared with an 
estimate of the vehtc le  state with tracking only. Figure 6-3 shows the 
pos i t i on  and ve loc i ty  uncer ta in t ies  with no platform e r r o r s  in t h e  model. 
A large i n i t i a l  uncertainty was  assumed i n  order t o  evaluate the  t racking 
system alone. 
much b e t t e r  estimate of the  vehic le  s t a t e  can be obtained with the  guidance 
e r r o r s  i n  the  model. 
Figure 6-1, and 0.06 m/sec i n  ve loc i ty  compared t o  the  0.2 m/sec i n  
Figure 6-2.) 
A comparison of Figures 6-1 and 6-2 with 6-3 shows tha t  a 
(60 meters i n  posi t ion compared t o  the  30 meters i n  
* 
Figures appear a t  end of Sect ion 6. 
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The time h i s t o r i e s  of the  f i r s t  17 guidance e r r o r  standard d i r ec t ions  
are shown i n  Figures 6-4 through 6-20. Five e r r o r  sources showed no 
improvement along the  t r a j ec to ry  f o r  the  nominal case. 
a r e  
These sources 
1. Spin ax i s  mass unbalance of the 2 gyro 
2.  Anisoelast ic  , d r i f t  2 gyro 
3. 
4. 
5. Threshold of the  Z accelerometer . 
Input ax i s  mass unbalance of the  Y gyro 
Input ax i s  mass unblance of the X gyro 
The l a s t - t h r e e  e r r o r s  sources i n  t h i s  group were not p lo t ted .  
two were p lo t ted  (Figure 6-19 through 6-20) as there  w a s  some va r i a t ion  
for  changes i n  the  tracking. 
s e c t  ion. 
The f i r s t  
These r e s u l t s  w i l l  be discussed i n  a later 
In Figures 6-4 through 6-6, t he  one curve which is shown is f o r  the  
nominal model. I n  Figures 6-7 through 6-10, the  curve labeled (1) per t a ins  
t o  the nominal model. 
been labeled a s  such. 
I n  Figures 6-11 through 6-20 the  nominal curve has 
The behavior of the  guidance e r ro r  standard deviat ions for  nominal tracking 
may be summarized with the a i d  of Table 6-1. The i n i t i a l  and f i n a l  values 
of the  standard deviat ions are shown as well as the percentage decrease. 
I n  general ,  the grea tes t  improvement the standard deviat ions occurred for  
those e r r o r  sources which caused the  largest  d i spers ion  i n  the t r a j ec to ry  
as determined i n  Table 5-1. 
component e r ro r s  may be found i n  terms of the  acce le ra t ion  levels. As 
shown i n  Figure 4-3, the  acce lera t ion  i n  the  2 d i r e c t i o n  (CR) is  very small. 
A s  a r e s u l t  the  components t ha t  cause e r r o r s  i n  t h i s  d i r ec t ion  have- less 
e f f e c t  and therefore  t h e i r  standard deviations do not improve s ign i f i can t ly .  
An addi t ional  explanation for  some spec i f i c  
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The numbers i n  t h i s  column are program numbers. 
the corresponding error source. 
See Table 5-1 for 
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For example, the  improvement i n  the  knowledge of the 2 accelerometer m i s -  
alignments i n  the X (No. 3), or  Y (No. 6) d i rec t ion  is less than tha t  of 
the X accelerometer misalignment i n  the Y d i rec t ion  (No. 4), o r  the Y 
accelerometer i n  the X d i rec t ion  (No. 2). Also the  improvement i n  the  2 
accelerometer bias  (No. 12) w a s  smaller than the improvement i n  the  X or  
Y accelerometer biases  (Numbers 10 and 11). 
comparisons. ) 
(See Table 6-1 f o r  these 
The r e s u l t s  of simulating the combined platform-tracking system indicate  
tha t  i t  would not be possible ,  at  least fo r  t he  values of the tracking 
accuracies tha t  have been assumed, t o  s ign i f i can t ly  improve the  uncertainty 
of the platform error sources. Therefore i f  the  only object ive is t o  update 
the guidance system during a f l i g h t ,  t h i s  method would not be feas ib le ,  
assuming the guidance e r r o r s  were equal or less than t h e i r  3 0  values. 
However, i f  the object ive is a pos t f l igh t  ana lys i s ,  o r  i f  the tracking is 
improved, the conclusion may be considerably d i f f e ren t .  
6.2 ESTIMATION OF GUIDANCE ERRORS WITH ADDITIONAL KNOWLEDGE OF PLATFORM 
I n  the previous sect ion,  the  results were presented for  the estimation of 
the guidance e r rors  with nominal tracking. I n  Succeeding sect ions,  the 
estimation of these e r ro r s  for  improved tracking and degraded guidance 
e r ro r s  w i l l  be presented. However, before discussing the r e s u l t s  for 
parametric var ia t ions  of the  platform-tracking system, an important point 
concerning the cor re la t ion  between the i n i t i a l  platform e r r o r s  (e r rors  i n  the  
accelerometer misalignments and the gyro misalignments) should be noted. 
Preliminary r e s u l t s  fo r  estimating the guidance e r ro r s  with improved 
tracking showed tha t  there  was no l i t t l e  improvement i n  the  uncertainty of the  
gyro misalignments o r  the  accelerometer misalignments regardless  of 
how good the tracking was. 
information i n  the combined platform-tracking system t o  d is t inguish  between 
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platform misalignments and accelerometer misalignments. 
covariance matrix for the nominal simulation is included in Appendix A ,  and 
can be used to explain this result. 
between (1) the Y accelerometer misalignment to the X axis and the platform 
misalignment about the z axis (C2,18), (2) Z accelerometer misalignment to 
the x axis and the platform misalignment about the Y axis (C3,17), and 
(3) the Z accelerometer misalignment about the Y axis and the platform 
misalignment about the X axis, (C6,16), are almost unity. As a result a 
large uncertainty in these three accelerometer misaligments prevents an 
improvement in the knowledge of the initial platform misalignments. 
The complete 
It shows that the normalized correlations 
In order to see the effect of additional knowledge of the platform on the 
estimation of the initial gyro misalignments, an additional simulation was 
made assuming no errors in (1) the Z accelerometer misalignment about the 
Y axis, (2) the 2 accelerometer misalignment about the X axis and (3) the 
misalignment of the Y accelerometer about the X axis. 
ing with these three errors omitted the uncertainties in the three initial 
gyro misalignments and the misalignment of theX accelerometer about the 
Y axis reduces as shown in Figure 6-7 through 6-10, curve (2). 
For the nominal track- 
There is additional justification for omitting these three platform error 
sources. As stated in Reference 1 the misalignments of the Z accelerometers 
would be eliminated before the flight by aligning the X-Y plane. In addition 
some calibration on either the X accelerometer or Y accelerometer would 
be necessary in order to be able to predict excessive variations in the 
initial gyro drift about the 2 axis. This was evident from runs that were 
made with all five accelerometer misalignments. 
very large values of the initial variances of the gyro misalignments, 
or very good tracking, no significant improvement was found in the uncertainty 
of the gyro misalignments at the end of the trajectory. 
The result was that for 
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For the  parametric r e s u l t s  t h a t  are presented i n  the following sections, 




2 accelerometer misalignment i n  t h e  d i r ec t ion  of t h e  X axis 
2 accelerometer misalignment in  t h e  d i r ec t ion  of t he  Y axis 
Y accelerometer misalignment i n  the  d i r ec t ion  of t he  X axis. 
6 . 3  ESTIMATION OF GUIDANCE ERRORS WITH PIPROVED TRACKING 
Due t o  the  f ac t  t ha t  the  a b i l i t y  to estimate the  guidance e r r o r s  with 
nominal tracking has been found t o  be somewhat marginal, a number of 
s tud ies  were made t o  inves t iga te  the system parametrically.  
parametric study involved the  tracking accuracies. Runs were made with 
a l l  the t racking e r r o r  standarc? deviations (random and b ias  measurement 
e r ro r s ,  and s t a t i o n  loca t ion  e r ro r s )  reduced by f ac to r s  of 10, 100, 1000, 
and f i n a l l y ,  with random e r r o r s  reduced by a f ac to r  of 1000 and no b i a s  
e r ro r s .  These r e s u l t s  are shown i n  Figures 6-7 through 6-20. The purpose 
of t h i s  study w a s  t o  determine i f  with good tracking, the  knowledge of the  
guidance e r r o r s  would improve. As discussed i n  the previous sect ion,  even 
with per fec t  tracking, it is not  possible t o  estimate the  e r r o r s  i n  the  
i n i t i a l  gyro misalignments o r  the accelerometer misalignments any b e t t e r  
than fo r  the nominal tracking run. This is because of the  high co r re l a t ion  
between uncer ta in t ies  i n  these platform e r r o r  sources. 
improved tracking runs assumed a perfect  knowledge of three accelerometer 
e r ro r s .  
uncer ta in t ies  in  these  f igures  can be improved s ign i f i can t ly  with b e t t e r  
tracking. Again, i n  general, the  amount by which the  guidance e r r o r s  improve 
depends on t h e i r  relative e f f e c t  on the t r a j ec to ry .  Of the  t o t a l  17 guidance 
e r r o r  sources, t he  th ree  e r r o r s  which have the  least e f f e c t  on the t r a j ec to ry  
were not p lo t ted .  
The f i r s t  
As a r e s u l t  the  
A s  shown by Figures 6-7 through 6-20 a l l  of the  guidance e r r o r  
These e r r o r s  are 
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(1) The input mass unbalance of they gyro 
(2) The input mass unbalance of the x gyro 
(3) The 2 accelerometer threshold e r r o r  
The uncertainty i n  these e r ro r  sources does not improve s ign i f i can t ly  even 
with good tracking. 
From the  results presented i n  t h i s  sect ion it  may be concluded t h a t ,  i n  
general ,  the  f e a s i b i l i t y  of estimating the  guidance e r r o r s  does depend on 
the  relative accuracies of the  guidance e r r o r s  and the tracking errors. 
Approximately one order of magnitude improvement i n  the  tracking accuracies 
would be required t o  obtain a s igni f icant  improvement i n  the  guidance e r ro r  
uncer ta in t ies  during an ac tua l  f l i gh t .  In  addi t ion  t h i s  improvement would 
be contingent on a p re f l igh t  ca l ibra t ion  of three of t he  accelerometer 
misalignments. 
6 . 4  ESTIMATION OF GUIDANCE ERRORS WITH PERFECT' KNOWLEDGE 
OF THE TRAJECTORY END POINT 
One method t h a t  w a s  considered fo r  improving t h e  estimate of the guidance 
e r r o r s  w a s  t o  t rack  t h e  vehic le  i n  a parking o rb i t .  
da t a  and the  tracking da ta  would be combined i n  the  same manner, only fo r  
a parking o r b i t  r a the r  than a powered f l i g h t  ascent .  
t h i s  simulation would be an  improvement i n  the knowledge of t he  end poin t  
of t h e  pawered f l i g h t  t ra jec tory .  
That is, the  telemetry 
The end r e s u l t  of 
Before simulating the system for  a parking o r b i t ,  a check was made t o  
determine the  e f f e c t  of per fec t  knowledge of the  t r a j ec to ry  end point .  
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This would show the  maximum decrease in  the uncertainty of the  guidance 
e r r o r s  and would represent the  r e s u l t s  for perfec t  tracking. 
observations were made of the posi t ion and ve loc i ty  states with zero 
e r ro r  variance. The results are sumDarized i n  Table 6-2. As shown i n  
the  tab le  there is very l i t t l e  improvement i n  the uncertainty of the 
guidance e r ro r s  by a per fec t  knowledge of the t r a j ec to ry  end point.  
This ind ica tes  t h a t  t he re  is even less knowledge tha t  would be added t o  the 
guidance e r ro r  uncer ta in t ies  as a result of tracking the  vehicle  i n  a 
parking o r b i t .  
Six equivalent 
The parking o rb i t  simulation was therefore  not implemented. 
6 . 5  ESTIMATION OF GUIDANCE ERROR WITH LARGE INITIAL UNCERTAINTIES 
In  addi t ion t o  using the combined platform-tracking system t o  improve the 
knowledge of the vehicle  s t a t e ,  o r  t o  update the  guidance system during 
a f l i g h t ,  a t h i rd  and perhaps more useful appl icat ion would be i n  a post-  
f l i g h t  analysis .  
mine whether the guidance components performed normally, o r  whether there 
was a malfunction. 
For t h i s  latter objective it would be des i rab le  t o  deter-  
To evaluate the f e a s i b i l i t y  of estimaing the guidance e r ro r s  i n  a post- 
f l i g h t  ana lys i s ,  the  combined platform-tracking system has been simulated 
fo r  parametric var ia t ions  i n  the guidance e r ro r s  themselves. Large i n i t i a l  
values of the  guidance e r ro r  standard deviations have been assumed t o  simu- 
l a t e  a malfunction or a component error t h a t  w a s  l a rger  than predicted by the 
3 0  nominal value. 
The t i m e  h i s t o r i e s  of t he  guidance error standard deviations are shown i n  
Figures 6-21 through 6-32 f o r  i n i t i a l  standard deviat ions of 10, and 100 
times tha t  of the nominal values. These r e su l t s  do not include curves for  
the  th ree  accelerometer e r r o r s 2  t o  X, 2 t o  Y, and Y to  X. 
with these e r ro r  sources i n  the model, the  standard deviations of the  gyro 
misalignments did not decrease, even for l a rge  i n i t i a l  values of guidance 
e r r o r s .  
i t  is possible  t o  reduce the  uncertainty i n  the  gyro misalignments. 
It was  found tha t  
However, with the  assumption of a per fec t  knowledge of these errbrs, 
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The behavior of the  5 least important guidance e r r o r s ,  from Table 5-1, was 
not plot ted.  The uncertainty i n  these e r rors  remain e s s e n t i a l l y  constant a t  
t h e i r  i n i t i a l  values.  
Of the  twelve e r r o r  sources which are plot ted i n  Figures 6-21 through 6-32, 
it may be seen t h a t  t he  uncer ta in t ies  in  a l l  these e r r o r  sources decrease 
s ign i f i can t ly  for  large i n i t i a l  values. 
i t  would be f eas ib l e  t o  estimate these e r ro r s  i n  a pos t - f l igh t  analysis .  
That is, a malfunction i n  one of the  guidance components t h a t  caused large 
deviat ion i n  the t r a j ec to ry ,  could be iden t i f i ed  by combining the  telemetry 
and tracking data. 
It may therefore  be concluded tha t  
6 .6  ESTIMATION OF GUIDANCE ERRORS W I T H  INCREASED OBSERVATION RATE 
For the nominal t racking model an observation rate of one per second was 
used. 
observation rate on the  guidance e r ror  uncer ta in t ies .  
comparison of t h e  guidance e r r o r  uncertaint ies  f o r  1 observation per 
second and 10 observations per second a t  7 minutes along the  t ra jec tory .  
A decrease i n  the observation rate by an order of magnitude is  seen t o  
reduce the guidance e r ro r  uncertaint ies  by a t  most a fac tor  of 2. The 
RMSP and RMSV are also shown i n  t h e  table for  t h e  two observation r a t e s .  
One addi t iona l  run  was made t o  determine t h e  e f f e c t  of a reduced 
Table 6-3 shows a 
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6.7 ESTIMATION OF GUIDANCE ERRORS WITH DIFFERENT KINDS OF TRACKING 
In  order t o  determine which type of tracking i s  the most e f f ec t ive  fo r  
reducing the guidance e r r o r  uncertaint ies ,  two runs were made; one with 
range observations only, and a second run with azimuth and elevat ion 
measurements only. 
Posi t ion uncertainty (RMSP) and veloci ty  uncertainty (RMSV) fo r  these 
two cases are shown i n  Figures 6-33 and 6-34, respect ively.  
i n  the guidance e r ro r s  a t  the end of each of these runs is  shown i n  
Table 6-4. 
The uncertainty 
The r e s u l t s  of t h i s  study show very l i t t le  difference between the e f fec t ive-  
ness of range measurements and azimuth and elvat ion measurements. 
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Figure 6-1 Variation in Position Uncertainties - Nominal Case 
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Figure 6-4 3 0  Uncertainty in Y-Accelerometer Misalignment into X-Axis 
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Figure 6-5  30 Uncertainty In 2-Accelerometer Misalignment Into X-Axis 
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Figure 6-6 30  Uncertainty i n  2-Accelerometer Misalignment Into Y-Axis 
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Figure 6-7 30  Uncertainty in X-Accelerometer Misalignment Into Y-Axis 
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Figure 6-8 30  Uncertainty i n  I n i t i a l  Platform Misalignment About X-Axis 
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Figure 6-9 30 Uncertainty i n  In i t ia l  Platform Misalignment About Y-Axis 
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Figure 6-11 30 Uncertainty i n  X-Axis Gyro Drift Rate 
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Figure 6-12 3 0  Uncertainty i n  Y-Axis Gyro Drift Rate 
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Figure 6-13 3 0  Uncertainty i n  2-Axis Gyro Drift Rate 
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Figure 6-17 3 0  Uncertainty in X-Accelerometer Scale Factor 
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Figure 6-19 3 0  Uncertainty i n  2-Gyro Spin Axis Mass Unbalance 
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Figure 6-20 3a Uncertainty i n  2-Gyro Anieoelastic Drift 
6-34 
TR-DA 1569 
Space 6 Re-entry 
Systems Division 
TR - DA 1 5 69 
. I  x 10- 
. I  x 10- 
.I x 10- 
. I  x 10- 
UG NOMINAL 
5 6 7 8 9 
.I x 10- 
0 1  2 3 4  
TIME N M I N U T E S  
Figure 6-21 3Q Uncertainty in X-Accelerometer Misalignment 
Into Y-Axis for High Initial Uncertainties 
6-35 
Space & Re-entry 
Systems Division 
TR-DA 1569 
. I  x lo-' 























.I x IO-' 
\ 
0 I 2 3 4  5 6 7 8 9 
TIME- MINUTES 
Figure 6-22 3 0  Uncertainty in  I n i t i a l  Platform Misalignment 
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Figure 6-24 30 Uncertainty in Initial Platform Misalignment 
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Figure 6-25 30  Uncertainty in X-Axis Gyro Drift Rate 
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Figure 6-26 3U Uncertainty i n  Y-Axis Gyro Drift  Rate 
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Figure 6-27 3U Uncertainty in 2-Axis Gyro Drift Rate for 
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CONC LUS IONS 
The over -a l l  concept of combining telemetry and t racking data  t o  estimate 
e i t h e r  the  t r a j ec to ry  or  e r r o r  parameters t ha t  a f f e c t  the t r a j ec to ry  has 
been found t o  be e f fec t ive .  However,the spec i f i c  numerical r e s u l t s  t h a t  
can be obtained a r e  highly dependent on the accuracy of the guidance 
system r e l a t i v e  t o  tha t  of the tracking system. As a r e s u l t ,  the  concept 
i s ,  a t  the present time, more usefu l  fo r  some of the appl icat ions tha t  
were considered than i t  i s  fo r  others.  
The preliminary r e s u l t s  presented i n  t h i s  report  a r e  mainly concerned with 
the importance of individual  e r r o r  sources i n  both the guidance a d  track- 
ing systems. The e f f e c t  of the guidance e r ro r s  alone on the t r a j ec to ry  
uncertainty is  about 0.5 km i n  posi t ion and 2 meters/second i n  ve loc i ty .  
The most important e r r o r  sources a r e  the platform misalignments, the 
gyro d r i f t s ,  the  accelerometer biases ,  and some of the accelerometer 
misalignments and scale-factor  errors .  Some of the e r r o r  sources,  such a s  
the 7, accelerometer sca le  fac tor  and the X and y accelerometer misalignments 
i n  the Z d i rec t ion ,  do not have a s ign i f icant  e f f e c t  on the t r a j ec to ry  due 
t o  the low accelerat ion leve ls  i n  the cross  range d i rec t ion .  Other e r r o r  
sources,  such as most of the mass unbalances, anisoelastic drifts, and 
accelerometer thresholds,  do not cause any noticeable deviations i n  the 
t r a j ec to ry .  
e r ro r  sources. 
The f i n a l  guidance model included twenty s ign i f i can t  
The s ign i f i can t  e r ro r s  i n  the  C-band radars  included random and measure- 
ment b i a s  e r ro r s  i n  range, azimuth and e leva t ion ,  as  wel l  as the s t a t i o n  
locat ion e r ro r s .  It w a s  found t h a t  some of t h e  s t a t i o n  locat ion e r ro r s  
and some of the azimuth and elevat ion biases  could be omitted from the 
model. I n  addi t ion t o  the random tracking e r r o r s ,  th i r ty- four  b ias  e r r o r s  
were included i n  the f i n a l  model. 
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The principal results of the report show the feasibility of estimating the 
platform error sources, both for the purpose of updating the guidance sys- 
tem during a flight and for a post-flight analysis. 
interest for this investigation was in estimating the platform errors, re- 
sults are also presented for estimating the trajectory. 
Although the primary 
With the combined platform-tracking model, the vehicle could be estimated 
to within 30 meters and 0.06 meters/eecond. 
60 meters and 0.2 meters/second uncertainty with tracking only, i . e . ,  no 
telemetry data. 
This compared favorably to the 
For the tracking model used in this study, it may be concluded that the 
Saturn V type inertial platform errors are so small that it is not possi- 
ble to significantly reduce the uncertainties in these error sources 
during a powered flight, 
been found to be reduced by about 20 to 50 percent. 
magnitude improvement in the present tracking accuracies, the significant 
guidance errors could be updated, i,e., these uncertainties could be reduced 
by about an order of magnitude. The general conclusion, therefore, is 
that the extent to which the guidance error uncertainties can be reduced 
does depend on the relative accuracies of the guidance components and 
the tracking system. 
The uncertainties in these error sources have 
With an order of 
A notable exception to the above conclusions is that the ability to esti- 
mate the platform misalignments (orthogonal rotations), depends on a good 
initial calibration of the accelerometer miealignments. 
that there is not enough information obtained from the telemetry-tracking 
system to distinguish between platform misalignments and accelerometer 
misalignments. However, if the Z accelerometer misalignments are elimi- 
nated, as well as either the X accelermeter misalignment in the Y direc- 
tion, or the Y accelerometer misalignment in the X direction, then the 
three initial platform misalignments can be tied down. 
It was found 
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The most effective use of the telemetry-tracking system is perhaps 
a post-flight analysis, For this type of analysis, it would be possible 
to distinguish error sources that caused a malfunctiothor more than normal 
error, from those components whose errors were less than the 3 0  value. 
This result has been obtained by assuming large initial values for the 
guidance error standard deviations, and noting that there is a significant 
decrease in the uncertainty of these errors along the trajectory. 
for 
Additional results have been presented which show that: 
(1) a perfect knowledge of the trajectory 
end point has little effect on reducing 
the guidance error uncertainties, 
(2) the effectiveness of range tracking alone 
is about the same as the effectiveness of 
azimuth and elevation angle measurements, and 
(3) the effect of increasing the tracking 
rate by a factor of 10 decreases the guidance 
error uncertainties by, at most, a 
factor of 2. 
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APPENDIX A 
COVARIANCE MATRIX DESCRIPTION 
A complete covariance matrix as defined i n  (2-26) is presented i n  t h i s  
sect ion.  It is taken from the Powered Fl ight  Error Propagation Program 
(Reference 2) and lists values from the nominal tracking-guidance model 
a t  the  end of an ascent t ra jec tory .  
i n  UP, DR, CR coordinates with standard deviations on the  diagonal, where 
The off-diagonal numbers are normalized 
%- Standard Deviation = 
pi jNormalized Correlations = rn 
and P is computed by equations (2-19) and (2-22). 19 
The output format can be broken i n t o  three sect ions.  
1. T h e  of pr in tout .  I n  t h i s  case t i m e  is  tha t  from launch u n t i l  
the end of the ascent t ra jec tory  
2. RMS posi t ion and ve loc i ty ,  where 
and standard deviations of bias  e r ro r s  being estimated. 
Space 6 Re-entry 
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3 .  Covariance Matrix. Since the covariance matrix i s  
s p e t r i c a l  only half of i t  is outputed. 
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The format for the covariance matrix as defined above has been divided into 
pagat as follows: 
I Page A - 2  Typical for Pages A - 3  A -4 A-5  
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To iden t i fy  the  standard devia t ion  of s p e c i f i c  e r r o r  sources (diagonal 
terms) or  the c o r r e l a t i o n  between the b ia s  e r r o r  sources from the  numbers 
pr in ted  out on t h e  l e f t  and top of each page, t h e  following code is  used. 
Guidance Errors - N u m b e r s  1 through 30 . 
Only 20 errors were included i n  t h e  model. 
The s p e c i f i c  guidance e r r o r s  defined by 
these numbers are shown i n  page 3-3 and 
Table 5-1. 
Tracking Errors - The f i r s t  d i g i t  denotes the  s t a t i o n .  The 
second and th i rd  d i g i t s  specify the  type 
of tracking e r r o r .  
S t a t  ions : 
Cape Kennedy 
Mer it Is land  
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Err or s : 
01 Range -meters 
02 Range rate - meters/sec 
03 Azimuth - millirad 
04 Elevation - millirad 
05 Azimuth rate - millirad/sec 
06 Elevation rate - millirad/sec 
07 Station latitude - degrees 
08 Station longitude - degrees 
09 Station altitude - meters 
10 Station clock seconds 
The following examples illustrate the use of this numbering system: 
1. 308 - Patrick AFB - longitude 
10 - Accelerometer bias X-axis 
The number in column 10 and row 308 (page A-3) is the 
correlation between Patrick AFB longitude error and 
accelerometer bias error in the X axis. 
2. The value in the DR column and row 5 (page A-2) specifies 
the correlation between the Y-accelerometer scale factor 
error and the uncertainty in the downrange coordinate. 
3. .The number in column 3 and row 22 (page A-3) gives the 
correlation between 2 accelerometer error into X-axis and 
X-gyro input axis mass unbalance. 
4 .  The item at column 11 and row 11 is the standard deviation 
of accelerometer bias error on the Y-axis. 
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EN0 CONOlllONS 
0 DAY 0 HRS 9 MIN 25.985 SEC C A S E  3 REC. 10 EVENT 8 
CURRENl RMS VALUES 
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1 7 1  0.8694120E-04 
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